Introduction
In modern paper making, various types of additives such as dry strength resin and sizing agent have been employed. Connecting with their function, the distributions of them within a sheet and a fiber wall are very important. Although the depth profile of polyacrylamide (PAM) dry strength resin within a fiber wall was examined to describe the mechanism of the strength development, using a technique of attenuated total reflection/Fourier transform infrared (ATR/FT-IR) analysis combined with gradual etching in a previous study [1] , the distribution on the surface of fibers and around them within a sheet has not examined yet. Tof-SIMS, XPS and ATR/FT-IR are well known as chemical analysis at material surface, however the analytical depth is different each other, about 1 nm for the two formers under vacuum condition and about 1 µm for the later [2, 3] . Further, a microscopic ATR/FT-IR has been used as a micro spot surface analysis sized from 10 µm to 100 µm without considering the measuring atmosphere and then was developed to the surface imaging system as one of the latest techniques in chemical analysis at material surface [4] . In this study the latest microscopic ATR/FT-IR imaging analysis was adapted to the paper containing PAM by means of the internal and external application methods [5] to clarify the surface distribution of PAM.
Experimental

Materials
Laboratory handsheets made from lightly beaten hardwood kraft pulp containing various amont of cationic PAM were prepared by both internal and external application methods. The internal application was performed by adding a dilute PAM solution to the beaten pulp fiber suspension, while the external application was conducted by dipping a dry paper (handsheet made by the beaten pulp) into the solution and further squeezing it out with the standard wet press. Details of the sample preparation conditions were referred to the previous paper [1] . Both application methods were to make sure giving a homogenous PAM distribution in the Z-direction as well as X-Y directions of the paper, and thus the imaging obtained on the paper surface should be the same as that within a paper sheet [5] . In this study the papers containing PAM at high level content were exclusively employed, since the distribution must be more clearly displayed. Thus the PAM content was actually 2.3 % for the paper containing PAM by the internal application method, and 1.8 % for that by the external application method, since it was hard to equalize the PAM content of the paper samples made by both application methods.
The PAM used in this study was a commercially available standard cationic PAM from Arakawa Chemical 1 R&D Department, Arakawa Chemical Industries, Ltd., 1-1-9, Tsurumi, Tsurumi-ku, Osaka, Osaka 538-0053, Japan 2 Graduate School of Agriculture, Kyoto University, Sakyo-ku, Kyoto 606-8502, Japan
Abstract : In order to examine the surface distribution of polyacrylamide (PAM) or the in-plane distribution within a paper sheet, the latest microscopic ATR/FT-IR imaging analysis was adapted to the papers containing a PAM dry strength resin by means of the internal and external application methods. The variation of contacting situation with the ATR prism deeply affected on the microscopic ATR/FT-IR imaging of the surface of the papers. Thus, the some part of paper surface contacting with the prism was only available to examine the distribution. The imaging based on 1315 cm −1 absorbance assigned to cellulose showed the contacted area and the change of the absorbance indicated the contacting degree within the area. The imaging based on absorbance ratio of characteristic wave numbers for PAM and cellulose was useful to show the PAM distribution. Local uneven distribution of PAM was observed on the fiber surface in part for papers containing PAM made by both internal and external application methods.
( 
Apparatus
FT-IR microscopic imaging system (Spectrum Spotlight 400, Perkin Elmer Inc), having the unit pixel size of 1.56 µm, was employed on the range of 150 µm x 150 µm square of the paper sample contacting with the ATR prism (Ge). The resolution was 16 cm −1 , and one scan was conducted. Figure 1 is an Infrared absorbance imaging of the surface of the paper made by the internal application method. The studded white color spots adjacent to blue color area may arise from the scattered light due to poor contact. A fairly high absorbance area colored in red to green vaguely seemed to be fiber net-work structure, suggesting that the measurement was conducted on the fiber surface contacting with the prism. Further, the difference in absorbance appeared even on one fiber could derive from the variation of contacting situation. Although depending on the applied pressure and the wave length, the percentage of contacted area with prism was generally low [6] .
Results and discussion
To show more clearly fiber location, the imaging based on 1315 cm −1 absorbance assigned to cellulose is shown in Fig. 2 for the paper containing PAM by the external application method. Fiber net-work structure in contact with prism was more clearly recognized, although the non-contacted area of the net-work disappeared as the area colored in dark purple. Furthermore, the variation in absorbance from pink to yellow color should indicate the contacting degree from strong to weak within the contacted area. On the other hand, the imaging based on 1670 cm −1 absorbance assigned to amide groups of PAM is shown in Fig. 3 for the PAM-added paper by the external application method. Although the absorbance depends on both the contacting degree and the surface distribution of PAM, the observed absorbance was fairly lower than that in Fig. 2 for cellulose due to low content of PAM. The image was generally the same as that assigned to fibers by the absorbance of 1315 cm −1 (see Fig.   2 ), suggesting that the PAM was distributed on the whole fiber surface. If PAM was uniformly distributed on the fiber surface, the absorbance-changing pattern within the contacted area in the imaging based on 1670 cm −1 absorbance should be nearly the same as that based on 1315 cm −1 absorbance (Fig. 2) due to the same contacting degree. However, the absorbance-changing pattern within the contacted area based on 1670 cm −1 absorbance imaging in Fig. 3 was unexpectedly different in part from that based on 1315 cm −1 absorbance imaging in Fig. 2 , suggesting local uneven distribution of PAM on the surface of fiber in spite of the uniform distribution in X-Y directions of the paper or on surface of the whole paper sheet. Similar result was obtained even though for the paper containing PAM by the internal application method as described below and also in the addition of sizing agent [2] . Furthermore, the absorbance ratio of 1670 cm −1 / 1315 cm −1 was calculated as the net PAM absorbance to eliminate the effect of contacting degree, since a linear relation between the ratio of 1670 cm −1 /1315 cm −1 and PAM content was found in the previous paper [7] . Considering a variation in the spectrum base line at the ATR/FT-IR measurement, however, the calculation might be only valid on the strongly contacted area as shown in Figs. 2 and 3 . The absorbance ratio imaging as the surface distribution of PAM was shown in Figs. 4 and 5 for the papers by the internal and external application methods, respectively. The area having somewhat higher absorbance in color with green and light blue in Fig. 5 seemed to overlap on that in imaging pattern of Figs. 2 and 3 indicating the contacted area, and further suggesting the aforementioned heterogeneous distribution on fibers. The similar heterogeneity was also observed for the internal application method (see Fig. 4 ). Taking into account both the analytical depth in the ATR/FT-IR spectroscopy of being about 1 µm thickness and the PAM distribution within a fiber wall having about 2 µm thickness (PAM exists mainly close to the fiber surface and is slightly distributed toward the center of the fiber wall) [1, 8] , the obtained distribution must be in a sense regarded as in-plane distribution of PAM within a sheet rather than the paper surface distribution. Further investigation, e.g. an imaging with confocal laser Raman spectroscopy, is expected to examine the PAM distribution in detail such as the distribution around fiberto-fiber bonds.
Conclusions
The variation of contacting situation with the prism deeply affected on the microscopic ATR/FT-IR imaging of the paper surface. The imaging based on 1315 cm −1 absorbance assigned to cellulose showed the contacted area, and the absorbance change within the area indicated the contacting degree within the area. The imaging based on absorbance ratio of characteristic wave number for additive and cellulose was useful to show the surface distribution of the additive. Local uneven distribution of PAM was shown on the fiber surface in part for papers containing PAM made by both the internal and external application methods. Fig. 2 ) based on the absorbance at 1670 cm −1 of paper containing PAM by the external application method (PAM content : 1.8 %).
